T hymic stromal lymphopoietin (TSLP)
4 is a secreted protein of 140 aa that was originally shown to support B cell development (1-3). Since then, a variety of functions have been described for TSLP (4 -8) . TSLP signaling is mediated by a functional heteromeric receptor complex composed of the TSLPR and the IL-7R ␣-chain (9, 10) . Because the receptor complex is principally expressed on monocytes and dendritic cell (DC) populations, TSLP is thought to target the activity of myeloid cells. In addition to enhancing CD40 and CD80 expression on CD11c ϩ DCs, TSLP increases the capacity of DCs to stimulate the proliferation of naive CD4 ϩ T cells (11) , promotes the expansion and survival of T cells (12) , and maintains DC cell-mediated T cell homeostasis (13) . It also triggers the release of T cell-attracting chemokines from monocytes. Thus, in addition to influencing B cell development, TSLP regulates numerous DC and monocyte activities.
Epithelial cells are the predominant producers of TSLP (14, 15) , although basophils have also been identified as an important source (16) . While early studies illustrated a role for TSLP/TSLPR signaling in the activation of naive T cells by DCs (7, 11, 13) , subsequent studies suggested that TSLP preferentially induces Th2-type responses. TSLP-activated CD11c ϩ DCs predominantly secrete Th2 cell-attracting chemokines (14) . They also stimulate the production of proallergic Th2-type cytokines from CD4 ϩ (14, 17, 18) and CD8 ϩ T cells (19, 20) . In addition to priming CD4 ϩ Th2 cells, TSLP-activated DCs are also involved in the maintenance and polarization of Th2 responses (21) . While DCs are clearly important targets of TSLP, recent studies showed that TSLP could also directly induce IL-4 production in CD4 ϩ T cells (22) and mast cells (23) . Th2 cytokines, in turn, amplify the production of TSLP by epithelial cells, illustrating a positive feedback loop in the promotion of Th2 responses by TSLP (24) . TSLP was detected in the bronchial biopsies of asthmatic individuals (25) and in the lungs of mice undergoing allergen-induced asthma (26, 27) . The development of asthma is attenuated in TSLPR-deficient animals (26, 27) , and TSLP-induced inflammation is reduced in the absence of IL-4 and IL-13 (28, 29) , confirming a critical role for TSLP/TSLPR signaling in the development of Th2-dependent inflammation in the lung and skin (4 -8) .
Like many allergic responses, infection with most helminth parasites is associated with the development of a robust Th2-type response (30, 31) . Nevertheless, the role of TSLP/TSLPR signaling in the development of helminth-induced Th2-type immunity remains unclear. In the mouse model of schistosomiasis, parasite eggs induce a profound granulomatous inflammatory response in the gut and liver, which is characterized by the recruitment of a large population of eosinophils (32) . The resulting immune response is associated with the production of several Th2 cytokines, including IL-4, IL-5, IL-13, and IL-21, which contribute to the development of chronic pathology (33) (34) (35) (36) . In human schistosomiasis, liver fibrosis and portal hypertension are primary causes of chronic morbidity and mortality, and Th2 cytokines have been shown to play a critical role (32, 37, 38) . Consequently, the mouse model of schistosomiasis is an ideal system to study the pathogenesis of the human disease and the mechanisms of Th2 cytokinedriven pathology more generally. Studies with genetically modified mice have shown that the egg-induced inflammatory response is dependent on IL-4 and IL-13 signaling through the type I and type II IL-4 receptors, while fibrosis is predominantly driven by IL-13 and the type II IL-4 receptor (34, 39 -41) .
Because TSLP was shown to be a critical mediator of allergeninduced Th2-dependent inflammation, in the present studies, we examined whether TSLP/TSLPR signaling was required for the initiation and/or maintenance of helminth-induced Th2 responses. To investigate the function of the TSLP pathway, TSLPR Ϫ/Ϫ mice were compared with wild-type (WT) mice following both acute and chronic infection with Schistosoma mansoni. Additionally, S. mansoni eggs were injected into the lungs of naive and egg-sensitized mice to determine whether there were any tissue-specific differences in TSLP function. Additional studies were performed with a neutralizing TSLP-specific mAb to confirm the results with the genetically modified mice. Our findings demonstrate that TSLP signaling is involved in the development of polarized Th2 cytokine responses and for the optimal development of primary granulomas in the lung, but it is not necessary for secondary granulomatous inflammation or for the formation of Th2-dependent pathology in the liver and gut during a chronic S. mansoni infection.
Materials and Methods

Mice and parasite infections
The TSLPR Ϫ/Ϫ mice were generated as described (27) . All mice were housed under specific pathogen-free conditions at the National Institutes of Health in an American Association for the Accreditation of Laboratory Animal Care approved facility. The National Institute of Allergy and Infectious Diseases Animal Care and Use Committee approved all experimental procedures. For infections, mice were percutaneously exposed via the tail with 30 -35 cercariae of a Puerto Rican strain of S. mansoni (Naval Medical Research Institute) that were obtained from infected Biomphalaria glabrata snails (Biomedical Research Institute, Rockville, MD). All mice were perfused at the time of sacrifice, and worm and tissue egg burdens were determined. For the induction of synchronous primary pulmonary granulomas, mice were given 5000 eggs i.v. For the induction of secondary granulomas, mice were sensitized i.p. with 5000 live eggs and then challenged with 5000 live eggs i.v (42) . The neutralizing mAb to TSLP (Amgen) and control rat IgG2a were used at 200 g/dose twice each week.
Histopathology and fibrosis
Pulmonary and hepatic granuloma measurements from schistosome-exposed or i.v. egg-injected mice were determined from histological sections stained with Wright's Giemsa (Histopath of America, Clinton, MD). Thirty granulomas per mouse were included in all analyses of schistosome granulomas. The number of schistosome eggs in the liver and the gut and the collagen content of the liver, as measured by hydroxyproline levels, were determined as previously described (33) . Specifically, hepatic collagen was measured after hydrolysis of a 200-mg portion of liver in 5 ml of 6 N HCl at 110°C for 18 h. The increase in hepatic hydroxyproline was positively related to egg numbers in all experiments, and hepatic collagen is reported as the increase above normal liver collagen in micromoles per 10,000 eggs: [(infected liver collagen Ϫ normal liver collagen)/liver eggs] ϫ 10 Ϫ4 or micromoles per 10,000 eggs. The same individual scored all histological features and had no knowledge of the experimental design.
Flow cytometry and intracellular cytokine cytometry
Roughly 200 mg of granulomatous lung or liver tissue was disrupted into a single-cell suspension by grinding through a 70-m nylon mesh (41) . The WBCs from liver cells were separated on a 34% Percoll gradient (350 ϫ g for 20 min) (Sigma-Aldrich). Mesenteric lymph node and liver WBCs were treated with 2 ml of ACK lysis buffer (Quality Biological) for 2 min. For intracellular cytokine cytometry, leukocytes were stimulated with PMA (10 ng/ml), ionomycin (1 g/ml), and brefeldin A (10 g/ml) (Sigma-Aldrich) for 3 h. Cells were fixed in 2% formaldehyde for 20 min at room temperature, permeabilized with 0.1% saponin buffer (SigmaAldrich), and stained with the following cocktail of Abs: IL-13 FITC (Centocor Ortho Biotech), CD4 Pacific Blue, IL-4 PE, IL-5 allophycocyanin (BD Biosciences), IFN-␥ PE-Cy7 (eBioscience) and acquired with FACSCanto II (BD Biosciences). Data were analyzed using FlowJo v7.2 software.
RNA isolation and purification and real-time PCR
Individual sample RNA (0.1 g) was reverse-transcribed using SuperScript II (Invitrogen) and a mixture of oligo(dT) and random primers. Real-time PCR was performed on an ABI Prism 7900 sequence detection system (Applied Biosystems). Relative quantities of mRNA for several genes was determined using SYBR Green PCR Master Mix (Applied Biosystems) and by the comparative threshold cycle method as described by Applied Biosystems for the ABI Prism 7700/7900 sequence detection systems. In this method, mRNAs for each sample were normalized to hypoxanthine guanine phosphoribosyltransferase (HPRT) mRNA amounts and then expressed as a relative increase or decrease compared with uninfected controls (35) .
Statistics
Hepatic fibrosis (adjusted for egg number) decreases with increasing intensity of infection (worm pairs). Therefore, these variables were compared by analysis of covariance, using the logarithm of total liver eggs as the covariate and the logarithm of hydroxyproline content per egg. All other data were analyzed with GraphPad Prism (version 5; GraphPad Software). Data were considered statistically significant for p values of Ͻ0.05, obtained with a two-tailed t test. 
Results
CD4
ϩ Th2 cells are reduced in the lungs of egg-challenged
Five thousand viable eggs of the Th2-inducing pathogen S. mansoni were injected i.v. into the lungs of naive or i.p. egg-sensitized WT mice to determine whether TSLP, TSLPR, or the IL-7Ra chain were induced in the lung following egg exposure ( Fig. 1 ). Although there was minimal induction of TSLP mRNA during primary and secondary granulomatous inflammation (Fig. 1A) , significant increases in the TSLP receptor components were observed in the lung, particularly in mice undergoing a secondary response (Fig. 1 , B and C). Next, we investigated whether TSLP signaling was required for the development of primary or secondary pathogen-induced Th2 responses (Fig. 2 ). Lymphocytes were isolated from the granulomatous lungs of WT BALB/c and TSLPR Ϫ/Ϫ mice on day 7 after i.v. egg injection and intracellular cytokine staining was performed for IL-4, IL-5, IL-13, and IFN-␥. Consistent with the described role of TSLP in maintaining DC-mediated T cell homeostasis (13), a significant reduction in the percentage of CD4 ϩ T cells was observed in the lungs of TSLPR Ϫ/Ϫ mice undergoing both primary and secondary granuloma formation ( Fig.  2A) . Despite the overall reduction in CD4 ϩ T cells, however, the percentage of IL-4-, IL-5-, and IL-13-producing CD4 ϩ T cells observed in TSLPR Ϫ/Ϫ mice was similar to WT mice during the primary granulomatous response (Fig. 2B) . The percentage of IFN-␥ producers also did not change, suggesting that the TSLPR was having no significant impact on the early development of the primary egg-induced Th2 response. In fact, the mean fluorescence intensity (MFI) for IL-4 increased in the TSLPR Ϫ/Ϫ mice (Fig.  2C ), suggesting that their CD4 ϩ T cells were producing slightly more IL-4 on a per cell basis. As expected, the secondary granulomatous response was associated with a much stronger CD4 ϩ Th2 cell response. However, in contrast to the primary response, the TSLPR Ϫ/Ϫ mice undergoing a secondary challenge showed a modest but significant reduction in the percentage of IL-4-, IL-5-, and IL-13-producing CD4 ϩ T cells. The percentage of IFN-␥ producers also increased slightly in the knockout mice (Fig. 2B) and the MFI for IL-4 was reduced (Fig. 2C) , suggesting that the TSLPR was contributing to the polarization of the secondary egginduced Th2 response.
TSLPR Ϫ/Ϫ mice develop smaller lesions during a primary granulomatous response
Because the Th2 response was reduced in the lungs of mice challenged with S. mansoni eggs, we examined whether granuloma formation was affected by the TSLPR deficiency. For these studies, naive and S. mansoni egg sensitized WT and TSLPR Ϫ/Ϫ mice were challenged i.v. with 5000 live S. mansoni eggs, and the sizes of granulomas in mice undergoing a primary and secondary response were measured microscopically in the lungs on day 7 postchallenge (43) . Unexpectedly, although there was no obvious decrease in the CD4 ϩ Th2 response in the tissues (Fig. 2B) , TSLPR Ϫ/Ϫ mice undergoing primary granuloma formation displayed a 40 -50% reduction in granuloma volume (Fig. 3A) . The reduction in lesion formation was accompanied by a significant decrease in the number of granuloma-associated eosinophils (Fig.  3B) . In contrast, while TSLPR Ϫ/Ϫ mice undergoing secondary granuloma formation displayed a significant decrease in CD4 ϩ Th2 cytokine expression (Fig. 2B) , their granulomas were indistinguishable from WT lesions (Fig. 3, A and B) . Pulmonary granuloma experiments conducted with a TSLP-neutralizing mAb produced comparable results (Fig. 3, C and D) . 
FIGURE 5.
Fibrosis is reduced in 9 wk infected TSLPR Ϫ/Ϫ mice. A, Control WT BALB/c mice (n ϭ 10 for wk 9, n ϭ 17 for wk 12), TSLPR Ϫ/Ϫ (n ϭ 8 for wk 9, n ϭ 14 for wk 12) mice, and WT mice treated with control Ab (c Ig) (n ϭ 5) or anti-TSLP Ab (n ϭ 9) (200 g/day, twice weekly for a total of 4 wk from wk 8 -12 postinfection) were infected with 30 -35 S. mansoni cercariae percutaneously. Mice were sacrificed on wk 9 or wk 12 postinfection and the livers were analyzed to evaluate the size of granulomas (mean granuloma volume Ϯ SEM) as a measure of inflammation. The percentage of granuloma-associated eosinophils (B) and the mast cell indexes (scale of 1-7) (C) were both evaluated microscopically (means Ϯ SEM). The hydroxyproline content of liver biopsies was also assayed as a quantitative measure of fibrosis (D). Hydroxyproline values were normalized to the numbers of eggs deposited in the liver. Statistically significant differences and the corresponding p values are noted in the figures. Similar results were obtained in three separate studies.
FIGURE 6.
Granuloma formation in the small intestine is not affected by TSLPR deficiency. A, Control WT BALB/c mice (n ϭ 10) and TSLPR Ϫ/Ϫ (n ϭ 8) mice were infected with 30 -35 S. mansoni cercariae percutaneously. Mice were sacrificed on wk 9 and the small intestines were analyzed to evaluate the size of granulomas (mean granuloma volume Ϯ SEM). B, The percentage of granuloma-associated eosinophils was also evaluated microscopically (means Ϯ SEM). Similar results were obtained in a second study.
Fibrosis is reduced in acutely but not chronically infected TSLPR
Ϫ/Ϫ mice Next, we examined whether TSLP signaling regulates Th2-dependent granuloma formation and fibrosis in the liver during S. mansoni infection (34, 44) . For these studies, WT and TSLPR Ϫ/Ϫ mice were infected percutaneously with S. mansoni cercariae, and granuloma size and fibrosis were measured at 9 and 12 wk postinfection. Similar to the results observed in the lung, while there was little induction of TSLP mRNA during infection (Fig. 4A) , there was a significant increase in both receptor subunits at 9 and 12 wk postinfection (Fig. 4, B and C) . While there was a slight decrease in granuloma size in the TSLPR Ϫ/Ϫ mice at 9 wk postinfection, the difference with WT granulomas was not significant (Fig. 5A) . Moreover, by wk 12 the size of the TSLPR Ϫ/Ϫ lesions was indistinguishable from WT. Similar results were obtained in WT mice treated with anti-TSLP mAb (Fig. 5A) . The number of eosinophils (Fig. 5B ) and mast cells (Fig. 5C ) in the granulomas was also similar in WT and TSLPR Ϫ/Ϫ mice at 9 and 12 wk postinfection, indicating that the TSLPR deficiency had no major effect on the cellular composition of the inflammatory response (Fig. 5B) . The only significant difference noted in the TSLPR Ϫ/Ϫ mice was an ϳ30% reduction in liver fibrosis at 9 wk postinfection (Fig. 5D) . Because epithelial cells that line mucosal tissues (15) produce TSLP, we also examined whether the absence of TSLPR was affecting granuloma formation in the gut. Consistent with the results observed in the liver, the granulomas in the small intestines of infected TSLPR Ϫ/Ϫ mice were of a similar size (Fig. 6A ) and composition (Fig. 6B) as the WT lesions. There were also no diffuse inflammatory changes in the small intestine at 9 and 12 wk postinfection (not shown). The development of pathology in the liver and gut was not associated with any significant change in the infectious burden, as assessed by the worm and tissue egg counts at 9 and 12 wk postinfection (Table I) . Taken together, these data indicate that the TSLPR has no significant effect on the intensity of S. mansoni infection or on the development of egg-induced Th2-dependent pathology.
Reduced liver fibrosis in TSLPR Ϫ/Ϫ mice is associated with decreased IL-13
To determine whether TSLPR signaling was regulating the development of the Th2 response following infection with S. mansoni, lymphocytes were isolated from the granulomatous livers at 9 and 12 wk postinfection and intracellular cytokine staining was performed for IL-4, IL-5, IL-13, and IFN-␥ as markers of Th2-and Th1-type responses. While no significant differences were noted in the frequency of Th2 cytokine-producing cells on wk 9 (Fig. 7A) , we detected a consistent and significant increase in the percentage of IFN-␥-producing CD4 ϩ T cells in the TSLPR Ϫ/Ϫ mice ( Fig.  7A) and reduction in the MFI for IL-13 (Fig. 7B) . Because IFN-␥ and IL-13 exhibit anti-and profibrotic activity, respectively (34, 45) , these findings likely explain the transient yet significant decrease in fibrosis in TSLPR Ϫ/Ϫ mice at 9 wk postinfection (Fig.  5D) . Surprisingly, although we observed a modest and significant decrease in IL-5-and IL-13-producing CD4 ϩ T cells in the liver on wk 12 (Fig. 8) , this was not associated with a consistent reduction in Th2-dependent pathology (Figs. 5 and 6 ). To confirm these findings, we also isolated liver RNA samples from 12 wk infected mice and analyzed the changes in IL-4, IL-13, and IFN-␥ mRNA as well as the expression of three IL-4/IL-13/Stat6-inducible genes, including Chi3l3 (Ym1), Retnla (Fizz1/Relm-␣), and Il13ra2 (IL-13 receptor ␣2) by real-time PCR. Here again, the only significant difference noted between the WT and TSLPR Ϫ/Ϫ mice was an ϳ2-fold decrease in IL-4 mRNA expression in the TSLPR Ϫ/Ϫ mice (Fig. 9) . The combined results from these studies suggest that TSLPR signaling plays a minor role in the establishment and maintenance of Th2 responses following infection with the helminth parasite S. mansoni.
Discussion
There is strong evidence that TSLP is required for the development of allergen-driven Th2 responses. TSLP is produced by epithelial cells at the site of allergen entry and regulates the activation status of DCs. It induces CD40 and CD80 expression on DCs, triggers the production of the Th2-attracting chemokines TARC and MDC, and grants DCs the ability to prime naive CD4
ϩ T cells to proliferate and produce IL-5 and IL-13 (14) . These characteristics identified TSLP as a critical inducer of Th2-type responses (7, 46) . In support of this conclusion, mice expressing an inducible TSLP transgene in the skin developed an atopic dermatitis-like inflammatory response, which was associated with Th2 cytokine production and elevated serum IgE levels (47) . Studies with TSLPRdeficient mice and TSLP-neutralizing mAbs also demonstrated that TSLP signaling is required for the development of allergendriven inflammatory responses in the lung and skin (4, 26, 27) . Indeed, several studies have suggested that TSLP signaling is critical to the generation of Th2 responses (14, 27, 29, 36, 46) . While our studies support a role for TSLP/TSLPR signaling in the priming of helminth-induced Th2 responses, the TSLPR played little to no role in the development of Th2-dependent pathology during infection with S. mansoni. As such, these data indicate that TSLP participates in the initiation but is largely dispensable for the development of functional Th2 responses during chronic S. mansoni infection. Differences between TSLP-dependent allergic responses and TSLP-independent pathology during helminth infection are unclear, although a possible explanation may be the different routes of Ag exposure in each case. Stromal cells such as keratinocytes and epithelial cells are the primary producers of TSLP (7, 8, 46) . While allergens typically target these tissues, S. mansoni eggs are predominantly found in the microvasculature of the gut and liver. Although the parasite's eggs transit through the wall of the intestine on their way to the intestinal lumen, and immature parasites spend a brief period migrating through the skin and lungs following infection, schistosomes spend most of their lives in the vasculature of their vertebrate host. Thus, in contrast to allergens that primarily affect mucosal tissues, infection with S. mansoni causes damage to numerous tissues including the epithelium and endothelium as well as several organ systems including the skin, lung, liver, and intestine. Consequently, a variety of mechanisms involving numerous cell types have been implicated in the generation and maintenance of the systemic Th2 response that occurs during helminth infection (16, 31, 48, 49) , perhaps putting less of a demand on the TSLP pathway. Thus, TSLP does not appear to function as a master switch for all Th2-driven inflammatory responses (5), but rather it plays more of a selective role in the development of Th2 responses that occur exclusively in epithelial tissues. Consistent with this model, He et al. has found that epicutaneous sensitization requires TSLP responsiveness, while more systemic responses may not (4) .
Recent studies showed that the downstream effects of TSLP are IL-4R␣1-and Stat6-dependent (28, 29) . Indeed, all of the pathological changes triggered by TSLP in the lung and skin were dependent on the Th2 cytokines IL-4 and IL-13, including airway hyperresponsiveness, airway inflammation, tissue eosinophilia, goblet cell metaplasia, circulating IgE and IgG1 responses, epithelial hyperplasia, and subcuticular fibrosis. Consequently, these authors proposed a stepwise pathway for the development of allergen-driven pathology, which involves TSLP and the downstream mediators IL-4 and IL-13. Given this conclusion, the findings with the schistosome lung model were unexpected since the formation of S. mansoni egg-induced granulomas is also highly dependent on IL-4 and IL-13 (50, 51) . We hypothesized that if the TSLP/TSLPR signaling pathway was playing a critical role in the lung, granuloma size would be decreased in the TSLPR Ϫ/Ϫ mice. In support of this hypothesis, we observed a marked and highly significant reduction in granulomatous inflammation and tissue eosinophilia in TSLPR Ϫ/Ϫ mice undergoing primary granuloma formation. Nevertheless, while production of IL-4, IL-5, and IL-13 was modestly reduced in TSLPR Ϫ/Ϫ mice undergoing a secondary granulomatous response, lesion formation was not diminished in these animals. We also found no significant reduction in the number of granuloma-associated eosinophils. Identical findings were also generated with a TSLP blocking Ab. These results suggest that while TSLP plays a significant role in the initial development of IL-4/IL-13-dependent inflammation, it is not critically required for the formation or maintenance of secondary Th2 effector responses in the lung.
To further investigate the importance of TSLP in the development and maintenance of chronic Th2 responses, we also infected TSLPR Ϫ/Ϫ mice with S. mansoni cercariae and examined the development and progression of schistosomiasis-associated pathology after 9 and 12 wk of infection. In contrast to other helminth infections where subtle differences in the developing immune response can have a major impact on susceptibility to infection (30) , the establishment of S. mansoni infection is almost never altered by changes in the host immune response in naive unvaccinated hosts (31, 52) . Instead, changes in the host immune response regulate the severity of the disease, with highly polarized Th1/Th17 responses causing significant acute morbidity and mortality characterized by the development of hepatotoxicity and endotoxemia (53) (54) (55) and highly polarized Th2 responses triggering chronic morbidity and mortality associated with liver fibrosis, portal hypertension, and bleeding from collateral vessels (34, 44, 54) . Consequently, the murine model of schistosomiasis is an ideal system to dissect the pathogenesis of Th2-driven inflammatory responses because the number of parasites is not significantly altered by changes in the immune response, which is a variable in studies with other helminth parasites (15) . In agreement with this conclusion, no significant differences in the worm or tissue egg burdens were noted between the WT and TSLPR Ϫ/Ϫ mice. The only significant difference noted between the two groups was a small decrease in liver fibrosis at 9 wk postinfection in the TSLPR Ϫ/Ϫ mice, which was not seen in chronically infected animals. The decrease in fibrosis was associated with increased IFN-␥-producing CD4 ϩ T cells in the liver and a small decrease in the production of IL-13, which was consistent with the respective anti-and profibrotic activities of IFN-␥ and IL-13 (34, 45, 56) . Although a small decrease in IL-13-producing T cells persisted in chronically infected TSLPR Ϫ/Ϫ mice, this did not translate into a significant change in the inflammatory or fibrotic responses, confirming that TSLPR signaling was playing a limited role in the development of chronic Th2 pathology in the liver. Similar observations were noted in the small intestine.
Thus, while TSLP is a critical and indispensable master switch for some allergen-driven Th2 responses (5, 14, 26, 27, 47, 57, 58) , our findings suggest it plays a limited role in the initiation and maintenance of Th2 responses during chronic schistosome infection. Indeed, other cytokines, such as IL-4, IL-21, and IL-25, have been shown to exert a more prominent role in the development of helminth-induced Th2 responses (35, 59 -62) . Thus, it seems more likely that a variety of mechanisms, including the TSLP/TSLPR pathway, are working together to optimally induce Th2 effector function during chronic helminth infection.
